؉ -transport. Proton pumping by the reconstituted mutant enzyme was completely abolished, whereas ATP was still hydrolyzed. The mutant was insensitive to the inhibitor vanadate, which preferentially binds to P-type ATPases in the E 2 conformation. During catalysis the Asp 684 3 Asn enzyme accumulated a phosphorylated intermediate whose stability was sensitive to addition of ADP. We conclude that the mutant enzyme is locked in the E 1 conformation and is unable to proceed through the E 1 P-E 2 P transition. P-type ATPases are relatively small ion pumps with a single catalytic subunit, and are characterized by forming a phosphorylated (hence P-type) intermediate during the reaction cycle (1). Plant plasma membrane H ϩ -ATPases belong to the subgroup of P 3 -type ATPases, which comprises proton pumps and is closely related to the subgroup of P 2 -type ATPases, which includes cation pumps such as the mammalian Na ϩ /K ϩ -, Ca 2ϩ -, and H ϩ
P-type ATPases are relatively small ion pumps with a single catalytic subunit, and are characterized by forming a phosphorylated (hence P-type) intermediate during the reaction cycle (1) . Plant plasma membrane H ϩ -ATPases belong to the subgroup of P 3 -type ATPases, which comprises proton pumps and is closely related to the subgroup of P 2 -type ATPases, which includes cation pumps such as the mammalian Na ϩ /K ϩ -, Ca 2ϩ -, and H ϩ /K ϩ -ATPases (2). The plant plasma membrane H ϩ -ATPase is responsible for the ATP-fueled ejection of protons from the cell, and is an important element in generating the transmembrane H ϩ -gradient and membrane potential in plant cells (3) . The energy stored in this gradient is used to drive uptake of nutrients through channels and H ϩ -coupled carrier proteins. No P-type plasma membrane H ϩ -ATPase has been found in mammalian cells.
Cryoelectron microscopic images of the H ϩ -ATPase of Neurospora crassa (4) have been obtained at 8-Å resolution, and the crystal structure of the sarcoplasmic reticulum Ca 2ϩ -ATPase (5) has recently been solved at 2.6-Å resolution (6) . These structures reveal the presence of 10 transmembrane ␣-helices connected to a large cytoplasmic region of the enzyme. Structural data indicate that the ATP-binding site is located in a distinct nucleotide-binding domain (domain N; Ref. 5) formed by part of the large cytoplasmic loop connecting transmembrane segments TM4 1 and TM5. A large body of biochemical evidence supports these data. For instance, ATP analogues are bound to amino acid residues in the large cytoplasmic loop (reviewed in Ref. 1) . Furthermore, the large cytoplasmic loop can be expressed in Escherichia coli as a soluble protein that has ATP binding capacity, although this domain alone is not able to hydrolyze ATP (7) .
In contrast to ATP binding, the ion-binding sites of the mammalian Ca 2ϩ -ATPase are located in the transmembrane regions between TM4, TM5, TM6, and TM8 (6) . A large amount of biochemical data support this model (8, 9) , and it is likely that one or more transmembrane helices in concert form the ion-binding site(s) in other related P-type ATPases. For example, most of the extramembraneous regions of the Na ϩ /K ϩ -ATPase can be removed by proteolytic digestion while the remaining portion of the enzyme maintains its ability to bind and occlude K ϩ (10) . Furthermore, mutagenesis studies have identified a number of amino acid residues within M4, M5, and M6 of the Na ϩ /K ϩ -ATPase that appear to be critical for cation binding (11) (12) (13) (14) . These residues are in general polar, and most are negatively charged.
That the ATP-and ion-binding sites are separated in space in P-type ATPases implies that catalysis involves communication between different parts of the pump molecule. How hydrolysis of ATP by the large cytoplasmic domain is coupled to transport of the ion(s) bound in the transmembrane region is unknown. P-type ATPases are believed to go through a number of reaction intermediates during their transport of ions across the membrane, changing between two major conformational states, E 1 and E 2 (reviewed in Ref. 15 ). In the E 1 conformation, ATP and the ion to be transported to the extracellular face are bound, and an aspartyl phosphate enzyme intermediate E 1 P is created by hydrolysis of ATP. The major conformational change is associated with the E 1 P to E 2 P transition. During transition to the E 2 P state, the ion-binding site is shifted from being exposed to the cytoplasmic side of the membrane to facing the extracellular space where the ion is released. Following dephosphorylation to E 2 the enzyme returns to the E 1 conformation.
When Na ϩ /K ϩ -and H ϩ /K ϩ -ATPases are digested by proteases in the absence of K ϩ , M5 and M6 disappear from the membrane (16, 17) . M5 and M6 are connected by a very short loop of typically five or six extracellularly located amino acid residues, and are therefore expected to form a hairpin. It has been suggested that during catalysis M5 and M6 move in and out of the membrane, and that these movements are part of the E 1 -E 2 conformational change during catalysis.
Several site-directed mutations have been produced in which the conformational equilibrium of P 2 -ATPases has been shifted toward either E 1 or E 2 . Such mutants are potentially very useful as tools for understanding the molecular mechanism of ion transport by P-type ATPases. The E 1 P Ϫ E 2 P conformational change is attracting special attention because it accompanies transport of charge across the membrane. P 2 -ATPase mutants that are blocked in conformational changes, either in the transition from E 2 to E 1 (18) or from E 1 to E 2 , have been identified (19, 20) . The H ϩ -ATPase in the E 1 conformation is expected to have high affinity for ATP and H ϩ . For the Saccharomyces cerevisiae plasma membrane H ϩ -ATPase PMA1, mutations in various domains produce enzymes that are likely to be predominantly in the E 1 conformation. These mutants exhibit higher ATP affinity and have pH profiles shifted toward the alkaline, suggesting increased proton affinity (20) . Deletion of the COOH-terminal regulatory domain of the plant plasma membrane H ϩ -ATPase results in mutants having a similar kinetic profile (21) .
To gain insight into the mechanism behind H ϩ -binding and transport in plant H ϩ -ATPases, we made a number of sitedirected mutants of transmembrane helix 6 in the Arabidopsis thaliana plasma membrane H ϩ -ATPase AHA2. In one of these mutants, Asp 684 was exchanged for the amide-derived residue asparagine. We describe the expression, purification, and biochemical characterization of the Asp 684 3 Asn enzyme. The mutation caused a block in the E 1 P to E 2 P conformational change. We suggest a fundamental role for Asp 684 in coordinating coupling of ATP hydrolysis to H ϩ -transport in the plant plasma membrane H ϩ -ATPase. The results, furthermore, suggest a high degree of conservation in ion transport with respect to an conserved aspartate in transmembrane helix 6 of P 2 -and P 3 -type ATPases, this residue being required regardless of whether Na ϩ , K ϩ , Ca 2ϩ , or H ϩ is to be transported.
MATERIALS AND METHODS

Construction of Mutants-
The yeast multicopy vector YEp-351 (22) , which contains the full-length cDNA of the A. thaliana plasma membrane H ϩ -ATPase isoform AHA2 under control of the PMA1 promoter (23), was used. Site-directed mutagenesis was performed by overlap extension polymerase chain reactions (24) using standard methods (25) . Several silent mutations of AHA2 were generated, resulting in the insertion of eight new restriction enzyme cleavage sites in the coding region of AHA2, resulting in plasmid pMP-648 (26) . A COOH-terminal deletion of 73 amino acid residues and an MRGS(His) 6 tag were introduced into pMP-648, resulting in pMP-652. This was done by replacing the cassette between the SfiI and SpeI sites with two oligonucleotides having the following sequences: 5Ј-GGATGAGAGGATCGCACCACCA-CCACCACCACTAGTAA-3Ј (forward) and 5Ј-CTAGTTACTAGTGGTG-GTGGTGGTGGTGCGATCCTCTCATCCATT-3Ј (reverse). The mutation Asp 684 3 Asn was made by using the forward primer 5Ј-GACTTC-TCAGCATTCATGGTTCTGATCATTGCCATTCTTAACAACGGTACC-AT-3Ј and the reverse primer 5Ј-AAAAATTTCTTTAAGCTTCCAGCT-ATCAGG-3Ј in a polymerase chain reaction using pMP-652 as a template. The resulting product was digested with HindIII and BsmI, and used to replace the corresponding fragment in pMP-652. DNA sequencing of the cassettes was used to verify that no other mutations were introduced into the coding regions.
Expression in Yeast-The S. cerevisiae strain RS-72 was transformed and cultured essentially as described previously (21) . In RS-72 (MATa ade1-100 his4 -519 leu2-3, 112), the natural constitutive promoter of the endogenous yeast plasma membrane H ϩ -ATPase PMA1 is replaced by the galactose-dependent promoter of GAL1. Since PMA1 is essential for yeast growth, it grows only on galactose media. Using this strain, plant H ϩ -ATPases brought under control of the constitutive PMA1 promoter can be tested for their ability to rescue pma1 mutants on a glucose medium. Yeast cells were grown in 0.7% yeast nitrogen base (without amino acids; Difco) supplemented with adenine (40 g/ml), L-histidine (30 g/ml), and 2% galactose (SGAH) or glucose (SDAH). Before harvesting, a saturated preculture was made from a fresh colony in 10 ml of SGAH, 3 ϫ 100 ml of SGAH inoculated with the preculture, and this culture grown for 2 days at 28°C. Finally the cells were transferred to 3 ϫ 1 liters of medium containing 2% glucose, 1% yeast extract, and 2% bactopeptone (YPD), and grown for 20 h at 28°C. The cells were harvested and microsomes isolated as described (21) .
Drop Tests-Yeast was grown for 3 days at 30°C in liquid medium containing 2% galactose. Approximately 10 3 cells in 10 l were spotted onto synthetic minimal media plates containing either 2% galactose at pH 5.5 or 2% glucose at pH values of 5.5, 5.0, 4.5, 4.0, and 3.5. Growth was recorded after incubation for 3 days at 30°C.
Purification of ATPase by Ni 2ϩ Affinity Chromatography-The microsomal membrane fraction (4.5 ml; 10 mg of protein/ml) was mixed with 20 ml of solubilization buffer (50 mM Mes-KOH, pH 6.5, 20% (v/v) glycerol, 0.825 mg/ml ATP, 0.75 mM EDTA, 1 mM dithiothreitol, 0.15 mM phenylmethylsulfonyl fluoride, 7.5 g/ml chymostatin, 1.5 g/ml pepstatin A, and 0.5% n-dodecyl-␤-D-maltoside). Solubilization was for 30 min at 4°C under gently shaking. After centrifugation for 1 h at 30,000 rpm (Beckman 70Ti rotor), 20 ml of washing buffer WB500 (50 mM Mes-KOH, pH 6.5, 500 mM KCl, 10 mM imidazole, pH 6.5, 20% (v/v) glycerol, 0.5 mM EDTA, 0.5 mM dithiothreitol, 0.2 mM phenylmethylsulfonyl fluoride, 2 g/ml pepstatin A, and 0.15% (w/v) n-dodecyl-␤-Dmaltoside) was added to the supernatant and incubated overnight at 4°C with 1.5 ml of 50% Ni 2ϩ -NTA (Qiagen, Chatsworth, CA) under gentle shaking. The Ni 2ϩ -NTA resin was then washed three times with 12.5 ml of WB500, twice with 12.5 ml of WB250 (as WB500 with 250 mM KCl), and twice with 12.5 ml of WB50 (WB500 containing 50 mM KCl). At each washing step the resin was pelleted by centrifugation for 5 min at 3,000 rpm at 4°C. Protein was eluted from the resin by washing twice with 2 ml of elution buffer (50 mM Mes-KOH, pH 6.5, 50 mM KCl, 500 mM imidazole, pH 6.5, 20% (v/v) glycerol, 0.5 mM dithiothreitol, 0.2 mM phenylmethylsulfonyl fluoride, 2 g/ml pepstatin A, and 0.075% (w/v) n-dodecyl-␤-D-maltoside), and concentrated to 200 l by ultrafiltration using a Centricon 100 spin column. The sample was frozen in liquid nitrogen and stored at Ϫ80°C. All experiments were repeated with three independent membrane preparations.
Measurement of Proton Transport by the ATPase-Protein was reconstituted as described (27) at a lipid to protein ratio of 200. Reconstitution was performed in 10 mM Mes-KOH, pH 6.5, 50 mM K 2 SO 4 , and 20% glycerol. Proton transport using 1.5 g of protein in a 3-ml reaction cuvette was assayed as described (28) by monitoring fluorescence quenching of ACMA, a dye which upon protonation accumulates in an impermeant form inside vesicles. The reaction medium contained 10 mM Mes-KOH, pH 6.5, 1 mM ATP, and 50 mM K 2 SO 4 . The reaction was started by addition of 2 mM MgSO 4 .
ATPase Assay-ATPase activity was determined as described (21) . The assay medium (300 l) contained 20 mM MOPS, 4 mM MgSO 4 , and 3 mM ATP. The pH was adjusted to pH 6.5 with N-methyl-D-glucamine. The reaction was carried out at 30°C and initiated by the addition of 0.1 g of membrane protein in reactivation buffer (GTED 20 
Gel Electrophoresis and Western Blotting-Membrane fractions or purified proteins were separated by SDS-PAGE on 10% acrylamide using the system of Fling and Gregerson (29) . Western blotting was performed as described (30) . After electrotransfer of the proteins to an Immobilon-P membrane (Millipore), the blot was incubated with an monoclonal antibody raised against the H ϩ -ATPase (a kind gift from W. Michaelke), or an antibody against the RGSH 4 epitope present at the COOH terminus (Qiagen).
Phosphorylation and Dephosphorylation Kinetics-Phosphorylation by [␥- 
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tion of 6 volumes of stop solution (1 mM ATP, 1 mM P i , and 7.5% trichloroacetic acid). After centrifugation of the samples, the pellet was washed three times with stop solution before resuspension in 2% SDS. The radioactivity associated with the pellet was measured by liquid scintillation counting. Blank samples were obtained by addition of stop solution before [␥-32 P]ATP. The dephosphorylation kinetics were followed by phosphorylation as described for 20 s and initiated by addition of either 10 mM EDTA or 10 mM EDTA ϩ 2 mM ADP to the samples. Reactions was stopped with stop solution, and treated as described above.
Trypsinolysis-Purified membrane protein (5 g) in reactivation buffer was preincubated for 5 min at 30°C in 20 mM MOPS, 4 mM MgSO 4 , pH 6.5, with N-methyl-D-glucamine in the absence or presence of 3 mM ATP or 250 M vanadate. Tosylamidophenylethyl chloromethyl ketone-treated trypsin (Sigma) was thereafter added to a final trypsin to protein ratio of 1:1.5. Trypsination was stopped by addition of trichloroacetic acid, the protein pelleted by centrifugation, the pellet washed in acetone at Ϫ18°C acetone, resuspended in SDS-loading buffer, and Western blotting done as described above.
Protein Determination-Protein concentrations were determined by the method of Bradford (31) with the Bio-Rad protein assay reagent and bovine serum albumin as a standard.
RESULTS
The Asp 684 3 Asn Mutant H ϩ -ATPase Does Not Complement a pma1 Mutant-In order to identify plasma membrane H ϩ -ATPase residues involved in proton binding and transport, we used a COOH-terminal truncated version of AHA2 as the starting point. The COOH terminus of the plant plasma membrane H ϩ -ATPase AHA2 is a regulatory domain containing autoinhibitory residues (26) , and removal of this domain, which was done at the gene level, renders the enzyme constitutively active (21) . The resulting construct, encoding an H ϩ -ATPase devoid of the 73 COOH-terminal residues, was also supplied with an Arg-Gly-Ser-His 6 tag in the COOH-terminal end to facilitate later purification efforts (27) , and was named aha2⌬73. The mutant species studied in this work contained an Asn mutation in Asp 684 situated in the presumed transmembrane helix 6. The corresponding residue is strictly conserved in Na
and Ca 2ϩ -ATPases, and in the SERCA1 Ca 2ϩ -ATPase it coordinates both of the two Ca 2ϩ ions bound (6) . It therefore seemed plausible that in other related pumps, such as the plasma membrane H ϩ -ATPase, this residue could play a role in coordinating cations.
A complementation assay at different pH values was performed to test the activity of the Asp 684 3 Asn mutant protein in a yeast strain (RS-72) devoid of the endogenous plasma membrane H ϩ -ATPase PMA1. In RS-72, expression of PMA1 is under control of the inducible galactose promoter. When expressed in RS-72 under control of the constitutive PMA1 promoter, aha2⌬73 could complement for the function of PMA1 (Fig. 1) . When yeast growth was dependent upon the Asp 684 3 Asn mutant enzyme, the cells could no longer grow in the absence of PMA1 (Fig. 1) .
That a substitution of Asp 684 was unable to support yeast growth in the absence of PMA1 could have been due to a loss of a specific function of the enzyme. However, it also could have been due to a number of other phenomena, such as lack of targeting to the plasma membrane or improper folding of the newly synthesized enzyme.
Both aha2⌬73 and the Asp 684 3 Asn Mutant Are Expressed in the Yeast Plasma Membrane-When yeast membranes were separated according to density by centrifugation through a continuous sucrose gradient, aha2⌬73 co-localized with PMA1 at about 43% (w/v) sucrose as expected (data not shown). Despite the lack of complementation of PMA1, the Asp 684 3 Asn mutant enzyme also showed this distribution, and with accumulation levels 2-3-fold higher than that of aha2⌬73. Apparently, the enzyme carrying a replacement at position 684 was translated and targeted into the plasma membrane at levels even higher than those of the wild-type.
Purification of the Plant Plasma Membrane H ϩ -ATPase Following Heterologous Expression in Yeast-Previously, plasma membrane H
ϩ -ATPase AHA2 was purified from the S. cerevisiae strain RS-72. This was a full-length version of the enzyme supplied with an NH 2 -terminal tag of six consecutive His residues allowing for affinity purification by Ni 2ϩ -NTA chromatography. For our purpose, we added the His-tag to the COOH terminus of aha2⌬73 (see above). Fig. 2 3 Asn mutant compared with 11.6 Ϯ 0.7 mol of P i /min/mg of protein for aha2⌬73. Similar K m values for ATP in both the Asp 684 3 Asn mutant enzyme (75 Ϯ 10 M ATP) and aha2⌬73 (107 Ϯ 10 M ATP) were found, demonstrating that the substitution at position 684 does not abolish the ability of the enzyme to bind nucleotides and hydrolyze ATP. When ATPase activity was measured as a function of pH, the Asp 684 3 Asn mutant enzyme showed a bell-shaped pH dependence profile like aha2⌬73 but was moved slightly toward acidic pH (Fig. 3) that the Asp 684 3 Asn mutant enzyme did not complement a pma1 mutation of yeast, despite its relatively high level of ATP hydrolytic activity, made it likely that no H ϩ -transport accompanied ATP hydrolysis. We tested proton pumping in reconstituted proteoliposome vesicles using ACMA as a fluorescent ⌬pH probe (Fig. 4) . No H ϩ -transport could be observed for the Asp 684 substitution, either in the absence (data not shown) or presence (Fig. 4) substitution is to postulate a defect in the conformational change from E 1 P to E 2 P during which the transported cation is moved from one side of the membrane to the other. In order to gain more insight into the effect of the Asp 684 substitution on the steady state E 1 -E 2 conformational equilibrium, we employed vanadate as a conformational probe. Vanadate is a transition state analogue of inorganic orthophosphate (32) and competes with binding of P i to the E 2 conformation of P-type ATPase by forming a stable complex with the ATPase, inhibiting enzyme activity. A measurement of vanadate sensitivity is therefore an indirect measurement of the relative length of time in the reaction cycle, that the ATPase spends in the E 2 conformation.
The Asp 684 3 Asn mutant enzyme was found to be more than 1000-fold less sensitive toward vanadate than aha2⌬73 (Fig. 5) . Asp 684 is presumably buried in the membrane and is unlikely to contribute directly to the properties of the vanadate-binding site. Furthermore, since the Asp 684 3 Asn mutant has a nearnormal K m for ATP and is phosphorylated via ATP, the nucleotide-binding site is most likely intact. The vanadate insensitivity can more reasonably be accounted for by a slowing of the E 1 P to E 2 P conformational change; as a result, the ATPase accumulates in E 1 P, which has a low affinity for orthovanadate.
In PMA1 the pattern of proteolytic fragments obtained following digestion with relatively high amounts of trypsin has been used as a tool to distinguish between the E 1 and E 2 conformations (e.g. Ref. 33 ). The purified aha2⌬73 enzyme as well as the Asp 684 3 Asn mutant was degraded by trypsin in the absence of ligands (Fig. 6 ). In the presence of MgATP (3 mM), a fragment of approximately 70 kDa remained protected from further degradation in both enzymes (Fig. 6) . These results confirm that both enzymes are able to attain the E 1 conformation involved in binding MgATP. Addition of vanadate (VO 4 , 250 M) was capable of reproducibly protecting a 42-kDa band in the aha2⌬73 enzyme but did not have such an effect on the Asp 684 3 Asn mutant enzyme (Fig. 6 ). This indicates that the Asp 684 3 Asn mutant in contrast to aha2⌬73, does not proceed to the E 2 conformation.
The Phosphorylated Intermediate Accumulates in the Asp 684 3 Asn Mutant-The failure of the Asp 684 3 Asn mutant enzyme to reach the E 2 conformation could be due to a block in one of the steps in the catalytic cycle following binding of ATP. To explore whether the catalytic cycle of the Asp 684 substitution was blocked before or after phosphorylation of the enzyme by ATP, the amount of phosphorylated intermediate was measured under steady-state conditions for both aha2⌬73 and the Asp 684 3 Asn mutant (Fig. 7A) . Under steady state conditions, the amount of phosphorylated intermediate (EP) was found to be approximately four times higher in the Asp 684 3 Asn mutant compared with aha2⌬73 (Fig. 7A) . This result indicates that the catalytic machinery in the Asp 684 3 Asn mutant is blocked after phosphorylation at a step prior to dephosphorylation, and as such could be blocked in the E 1 P-E 2 P transition. The stability of the phosphorylated intermediate was sensitive to ADP and disappeared within a second after addition of this nucleotide (Fig. 7B) . Since E 1 P, in contrast to E 2 P, is able to transfer the phosphate group to ADP, our data strongly suggests that the enzyme is blocked in the E 1 P state.
DISCUSSION
Large Scale Purification of Inactive Mutant Plasma Membrane H
ϩ -ATPase-The purification of a heterologously expressed P-type ATPase from transgenic yeast described in this work yields pure protein of high specific activity. The method is shown to be applicable to wild-type and mutant plasma membrane H ϩ -ATPase AHA2 proteins, and has important applications for the next generation of biochemical, biophysical, and structural studies on plasma membrane H ϩ -ATPase. The purification overcomes limitations imposed previously in obtaining large amounts of pure wild-type and mutant protein, especially catalytically inactive mutants. Extensive crystallography should be possible with this material; mutant proteins that are correctly folded but catalytically inactive are especially attractive since they tend to crystallize more readily than wild-type proteins.
The in AHA2 with Asn does not lead to any such unspecific effects. First, sucrose density gradient fractionation of homogenized yeast cells revealed that the Asp 684 substitution was correctly targeted to the plasma membrane, allowing an indirect effect on protein processing to be disregarded as an explanation for the inability of the mutated enzyme to complement pma1. Second, following purification of the mutant enzyme, it could be shown that the Asp 684 3 Asn mutant enzyme could hydrolyze ATP and retain an ATP affinity similar to that of the wild-type . Trypsination was at a proteaseto-substrate ratio of 1:1.5 (30°C), was terminated by addition of trichloroacetic acid, and samples were separated on 10% SDS-PAGE gels. A mixture of two monoclonal antibodies raised against the NH 2 terminus and the RGS(His) 6 
